Aluminum has been used prolifically as an impedance matching standard in the multimegabar regime (1 Mbar = 100 GPa), particularly in nuclear driven, early laser driven, and early magnetically driven flyer plate experiments. The accuracy of these impedance matching measurements depends upon the knowledge of both the Hugoniot and release or reshock response of aluminum. Here, we present the results of several adiabatic release measurements of aluminum from ∼ 400-1200 GPa states along the principal Hugoniot using full density polymethylpentene (commonly known as TPX), and both ∼ 190 and ∼ 110 mg/cc silica aerogel standards. These data were analyzed within the framework of a simple, analytical model that was motivated by a first-principles molecular dynamics investigation into the release response of aluminum, as well as by a survey of the release response determined from several tabular equations of state for aluminum. Combined, this theoretical and experimental study provides a method to perform impedance matching calculations without the need to appeal to any tabular equation of state for aluminum. As an analytical model, this method allows for propagation of all uncertainty, including the random measurement uncertainties and the systematic uncertainties of the Hugoniot and release response of aluminum. This work establishes aluminum for use as a high-precision standard for impedance matching in the multimegabar regime.
I. INTRODUCTION
The high-pressure equation of state (EOS) of materials is important for various applications ranging from, among others, planetary physics [1] [2] [3] to inertial confinement fusion [4, 5] . The predominant method of obtaining EOS data in the multimegabar regime (1 Mbar = 100 GPa) is through dynamic shock wave compression. Various techniques have been used to perform such experiments, including chemicalexplosive drivers [6] , conventional and modified light gas guns [7, 8] , explosively driven striker plates [9] [10] [11] [12] [13] [14] , highintensity lasers [15] [16] [17] [18] [19] [20] , magnetically driven flyer plates [21] [22] [23] [24] [25] , and nuclear explosions [26] [27] [28] [29] [30] [31] [32] . The vast majority of these techniques utilize a relative or impedance matching (IM) method [7, 33] to infer the high-pressure response of the material of interest. In this method, the shock response of the unknown material is compared to that of a standard. The EOS of the standard is assumed to be known to the extent that by comparing a kinematic measurement of the unknown material, usually the shock velocity U s , with that of the standard, the high-pressure response of the unknown material can be determined through the use of the Rankine-Hugoniot conservation equations [34] .
In the past, aluminum has been the foremost IM standard in shock wave experiments. Well characterized through gas gun [7] , explosively driven striker plates [10, 11] , magnetically driven flyer plates [21] , and nuclear driven techniques [26, 27, [29] [30] [31] , U s of aluminum would be used to infer the pressure state of a baseplate upon which a sample of interest was placed. Measurement of U s of the sample * mdknuds@sandia.gov of interest and the known response of aluminum would then allow the shocked state of the sample to be inferred. However, the accuracy of the inferred shock response of the sample of interest depends not only upon the Hugoniot response, but also the reshock or release response, depending upon the sample's relative shock impedance with respect to aluminum. This is particularly true in the multimegabar regime, where the often used reflected Hugoniot (RH) approximation [33] breaks down due to significant entropy and temperature increases associated with large amplitude shock waves [34] . Several examples of the use of aluminum as an IM standard can be found in the literature, including, among others, α-quartz [18] , LiF [15] , Be [32] , polyimide [16] , polystyrene [19] , H 2 O [17, 25] , LiD [29] , LiH [30] , N 2 [8] , and D 2 [12] [13] [14] 20, 23] . In all of these cases, the sample impedance is less than that of aluminum, and thus the release response is crucial to accurately infer the shock response through the IM technique.
Here, we present a detailed study of the release response of aluminum, with the goal of characterizing the use of aluminum as an IM standard for lower-impedance materials in the multimegabar regime. In particular, we set out to develop a simple, analytical model for IM calculations that would not require the use of a particular tabular EOS. Such a method would facilitate not only the IM calculation, but would also simplify the use of Monte Carlo methods for propagation of uncertainties in the inferred results [35] .
This goal was accomplished through both theoretical and experimental investigation of the release of aluminum, similar to that used recently in the characterization of α-quartz as a high-precision standard [36] . First-principles molecular dynamics (FPMD) calculations were performed and several tabular EOS models for aluminum [37] [38] [39] [40] [41] [42] were analyzed to provide insight into the release behavior. Analysis of the FPMD release calculations and tabular EOS release response led to a model framework that was used as the basis to analyze a series of plate-impact, adiabatic release experiments performed at the Sandia Z machine, similar to the concept used previously to investigate the adiabatic release response of aluminum [43] , and more recently α-quartz [36] . Three different low-impedance materials, full density polymethylpentene (commonly known as TPX), and both ∼ 190 and ∼ 110 mg/cc silica aerogel, were used as standards to determine release states at various pressures along the aluminum release path. The results of these experiments validated the model framework motivated by the FPMD calculations and tabular EOS models, and provided experimentally determined parameters for the model.
As a consistency check, this analytical release model was used to perform IM calculations to infer Hugoniot states of the standards for all of the release experiments. This allowed comparison of the IM results with previous direct impact experiments used to define the standards [44, 45] . In all three cases, the IM results were found to be very consistent with the direct impact results, lending confidence that the analytical release model can be used over a wide range of pressures along the Hugoniot and a wide range of shock impedances. Finally, this model was used to reanalyze laser driven Hugoniot experiments on liquid deuterium [20] , to illustrate how the model developed here differs from other methods used in the literature to perform IM with aluminum as the standard.
Section II discusses the FPMD calculations and tabular EOS analysis performed to investigate the release behavior of aluminum. Section III describes the results of the plate-impact release experiments. Section IV demonstrates the use of the analytical release model to perform IM calculations of the release experiments and to reanalyze laser driven experiments on liquid deuterium. The main findings are summarized in Sec. V.
II. FIRST-PRINCIPLES MOLECULAR DYNAMICS AND TABULAR EQUATION-OF-STATE INVESTIGATION OF THE RELEASE RESPONSE OF ALUMINUM
To investigate the release response of aluminum, firstprinciples molecular dynamics (FPMD) calculations were performed using VASP (Vienna ab-initio simulation program [46] ), a plane-wave density functional theory code developed at the Technical University of Vienna. We used a method similar to that used recently in an investigation of the release response of α-quartz [36] . Specifically, the aluminum atoms were represented with projector augmented wave (PAW) potentials [47, 48] and exchange and correlation were modeled with the Perdew-Burke-Ernzerhof (PBE) functional [49] . A total of 108 atoms were included in the supercell, with a plane-wave cutoff energy of 280 and 650 eV for lower pressure (P ) and higher P adiabats, respectively. Simulations were performed in the canonical ensemble, with simple velocity scaling as a thermostat, and typically covered a few to several picoseconds of real time. We used the Baldereschi mean value point [50] of the supercell for the evaluation of the Brillouin zone.
The release paths were calculated using the method outlined in Ref. [36] . In short, we took advantage of the fact that at the initial reference state, the isentrope and the Hugoniot have a second-order contact [34] , which is most easily seen by considering a Taylor series expansion of the entropy as a function of volume (V ). Thus, for small-V changes the isentrope is well approximated by the Hugoniot. We therefore approximated each release path as a series of small Hugoniot jumps, where each calculated Hugoniot state along the approximated release path served as the initial reference state for the subsequent Hugoniot calculation. Typical V jumps were of the order of 5%, resulting in P jumps of ∼5%-10%, with a total of ∼12-15 individual calculations per release path. More details can be found in Ref. [36] .
A release path calculated in this way from ∼ 900 GPa is shown as the green line in Fig. 1 . Also shown for comparison (black line) is a reflection of the aluminum principal Hugoniot about the particle velocity (u p ) of the shocked state (see Table I ). This so-called reflected Hugoniot (RH) is oftentimes used to approximate the release path in the P −u p plane [33] . The right panel of Fig. 1 shows a useful metric, the particle velocity residual, defined to be the percent difference in particle velocity of the FPMD release with respect to the RH. At low stress or P states on the principal Hugoniot, the RH approximation is reasonably good; recall that the isentrope and Hugoniot have a second-order contact. However, at sufficiently TABLE I. Aluminum [7, 10, 11, 21, 26, 27, [29] [30] [31] 51 ] U s − u p coefficients and covariance matrix elements (U s = C 0 + Su p ). Note that in this study we only consider the high-P branch of the aluminum Hugoniot (u p > 6.25 km/s).
High-P high Hugoniot P , the RH approximation breaks down, as can be seen in Fig. 1 . For reference, shown as gray lines in Fig. 1 , are Hugoniots for several materials that have been studied in dynamic compression experiments using aluminum as a standard. As can been seen in the right panel of Fig. 1 , for moderate impedance materials, such as polyimide, polystyrene, and H 2 O, the correction to the RH in u p is ∼1% negative, while for low-impedance materials, such as D 2 and H 2 , the correction to u p is significantly larger, ∼2%-6%, but opposite sign. This is significant given that errors in u p are magnified by a factor of roughly (ρ/ρ 0 − 1) when expressed in terms of density ρ (the subscript 0 denotes the initial value), i.e., δρ/ρ ∼ (ρ/ρ 0 − 1)δu p /u p . These materials exhibit density compression (ρ/ρ 0 ) between 3 and 4 in the multimegabar regime, and thus errors in ρ are two to three times larger than the errors in u p .
In accordance with the previous study on the release response of α-quartz [36] , we evaluated the aluminum release curves using a Mie-Grüneisen (MG) model with a linear U s − u p Hugoniot response as the reference curve, which we will call the MG linear reference (MGLR) model. In this model, the Grüneisen parameter = V (dP /dE) V is held constant along a given release path. In the α-quartz study, such a model was found to quite accurately reproduce the FPMD calculated release paths along nearly their entirety over a very wide P range. The MGLR model has two parameters: and the slope S of the linear U s − u p Hugoniot (U s = C 0 + Su p ) used for the reference curve. Note that for a given value of S, which we will denote as S 1 , there is a unique value of C 0 that will produce (P 1 ,u p1 ) along the Hugoniot: The values of and S can be simultaneously optimized to minimize the integral
where u rel p and u Calc p are the particle velocities along the MGLR and the calculated release paths (either from FPMD simulations or a tabular EOS), respectively. These optimizations were performed for a total of 3 FPMD calculated release paths, as well as 8-10 release paths obtained from several different tabular EOS models for aluminum, including 3700 (Refs. [37, 38] ), 3715 (Refs. [39, 40] ), and 3719 (Refs. [41, 42] ). These release paths emanated from various states along the principal Hugoniot ranging from ∼300-3500 GPa. The results of several of these optimizations are shown in Fig. 2 , and the values for and S of all the optimizations are displayed in Tables II-V. As can be seen in Fig. 2 , the MGLR model is able to reproduce quite well the FPMD and tabular EOS release paths over the entire regime studied here. However, in contrast to the previous α-quartz study, where S was found to be essentially independent of the Hugoniot P , S was found to decrease monotonically with Hugoniot P in the present aluminum study. This difference in behavior is likely related to the fact that in this regime aluminum is a monatomic, metallic fluid, while α-quartz is a molecular fluid that exhibits significant disordering and dissociation as the temperature and pressure are increased [60] . It was also found that for a given release path there exists a broad, shallow minimum in the evaluated integral [Eq. (2)] along a line in -S space, as illustrated in Fig. 3 . This broad minimum allowed us to consider prescribing a particular S(P ), or more appropriately for the purposes of an IM model, S(u al p ), with only a negligible degradation in the agreement between the MGLR and FPMD release paths; i.e., for a reasonable prescribed value of S, a value of can be found that results in essentially the same minimum for Eq. (2). Since S was found to monotonically decrease with increased Hugoniot P , and S appears to asymptote to ∼1.2, a value very close to the actual Hugoniot slope (see Table I ), we chose to fit the various values of S in Tables II-V to a simple exponential functional form that exhibits this type of behavior:
where a 1 was fixed to the actual Hugoniot slope of 1.189 (see Table I ). The best fit values of the other two free parameters are listed in Table VI . We then repeated the optimization process, this time optimizing only while determining S(u was also found to have a strong dependence on the Hugoniot P . is relatively large at low P , decreases with increasing P , and appears to asymptote to a value of ∼0.6. This is very similar to the asymptotic value found on the α-quartz study [36] and is quite close to the value of 2 3 that one would expect for an ideal gas. As was the case in the α-quartz study, the asymptotic behavior of and S is quite intriguing. However, it is not clear whether the behaviors of and S are the result of underlying physics, or merely a coincidence. To understand this further would require a rather extensive FPMD investigation, which is outside of the scope of this study.
It should be emphasized that the MGLR model discussed here is only intended to calculate kinematic variables for aluminum upon release, in particular the release paths in the P − u p plane for purposes of impedance matching. For instance, it is anticipated that the temperatures and specific heats of the MGLR model do not reflect the behavior of aluminum in this regime. To underscore this, we choose to refer to in the MGLR model as the effective , or eff , from this point forward.
This investigation of the release response of aluminum suggests that from a given aluminum Hugoniot state, the release path can be calculated using a MGLR model with a constant eff . eff is a function of P , or more appropriately for the purposes of an IM model, a function of u al p along the aluminum Hugoniot. S of the linear U s − u p Hugoniot used as the reference for the MG model is also a function of u al p , and is given by Eq. (3). C 01 is then determined through Eq. (1). This model serves as the framework for analysis of the release measurements that will be discussed in the next section. Tables II and III . Also shown for reference are the Hugoniots for TPX (dotted-dashed blue), 190 mg/cc aerogel (dashed blue), and 110 mg/cc aerogel (solid blue). The right panel shows the particle velocity residuals of the MGLR release paths with respect to the FPMD and 3700 release paths.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A series of planar, plate-impact, shock wave experiments were performed at the Sandia Z machine [52] to investigate the release response of aluminum, using the experimental configurations described in Ref. [36] . Three different low-impedance standards were used to obtain release states from shocked aluminum: polymethylpentene (commonly known as TPX), and both ∼ 190 and ∼ 110 mg/cc silica aerogel. The shock response of these standards has been previously investigated on the Z machine [44, 45] . Since these samples are solid, they could be directly impacted by the flyer plate, and thus the Hugoniot states could be inferred through simple IM with aluminum under compression, to relatively high precision. The linear U s − u p coefficients and associated uncertainties for these three materials, which were used in the analysis of the release experiments described here, are listed in Table VII .
The aluminum (6061-T6), TPX (obtained from Mitsui Chemicals America), and ∼ 190 and ∼ 110 mg/cc silica aerogel (fabricated by General Atomics) samples were all nominally 5 mm in lateral dimension. The thickness of the [36, 44, 45] . Note that the values for the aerogel standards are slightly different than those reported in Ref. [44] due to a more careful treatment of the uncertainty in the refractive index of the aerogel. aluminum was nominally 300 microns, while the thicknesses of the release standards were all nominally 1000 microns. The samples were metrologized using a measuring microscope to determine sample diameters and an interferometer to measure thickness to uncertainties of ∼ 5 microns and less than 1 micron, respectively. Density of the silica aerogel was inferred from high-precision mass measurements and inferred volume assuming the samples were right-circular cylinders. Slight departure from the right-circular cylinder assumption resulted in density uncertainty of ∼2% and ∼5% for the 190 and 110 mg/cc aerogel, respectively.
The aluminum samples and release standards were glued together to form experimental "stacks" using the techniques described in Ref. [36] . The flyer plates and experimental "stacks" were diagnosed using a velocity interferometer (VISAR [53] ). Since the aluminum is opaque, the 532-nm laser light would pass through the transparent low-impedance standard and reflect off the aluminum/standard interface, as illustrated in the inset of Fig. 5 . Shock breakout into the release standard resulted in a 10-100's of GPa shock that was of sufficient magnitude that the release standard became weakly reflecting, allowing direct measure of the shock velocity in the release standard with the VISAR diagnostic. As in the α-quartz study, the measured apparent velocity of the shock in the release standards was reduced by a factor equal to the refractive index of the unshocked material: v = v a /n 0 . The values of n 0 used in this study for TPX and the ∼ 190 and ∼ 110 mg/cc silica aerogel were 1.462, 1.038, and 1.02, respectively [44, [54] [55] [56] . Representative velocity profiles are shown in Fig. 5 . The inferred shocked state of the aluminum sample relied on flyer plate velocity measurements directly above and below the sample "stack" obtained from the VISAR diagnostic, as illustrated in Fig. 5 . The impact velocity was taken to be the average of these two measurements, which typically differed by less than 1%. u al p of the shocked state was then 1 2 the impact velocity, as a result of the symmetric impact. Uncertainties in the flyer plate and shock velocities were a few tenths of a percent. The aluminum release experiments were analyzed within the framework of the MGLR model described in the previous section, which is graphically illustrated in Fig. 6 . The measured impact velocity and known Hugoniot of aluminum (fit parameters and uncertainties are listed in Table I ) defined the initial state in the P − u p plane (P 1 ,u p1 ). The measured shock velocity and the known Hugoniot of the release standard defined the release state along the aluminum release path (P r ,u pr ). The MGLR model, with S 1 and C 01 given by Eqs. (3) and (1), respectively, was then used to determine the value of eff such that the release path emanating from (P 1 ,u p1 ) went through the point (P r ,u pr ). Uncertainties in the inferred quantities were determined using the Monte Carlo method described in Ref. [36] . Note that the uncertainty in u pr that arises from both the uncertainty of the standard Hugoniot and the measured U standard s is less than 1%, and provides a tight constraint on the value of eff that connects (P 1 ,u p1 ) and (P r ,u pr ). This translates into an uncertainty in eff of between 0.04 and 0.17 for the individual release measurements.
A total of seven, seven, and five aluminum release experiments were performed with TPX, ∼ 190 and ∼ 110 mg/cc silica aerogel, respectively. The pertinent parameters for these experiments are listed in Tables VIII-X 
, and ρ standard 0 denote the measured particle velocity in the aluminum sample, shock velocity in the release standard, and density of the release standard, respectively. eff denotes the inferred value of the effective for the MGLR model obtained using the method described above. u IM p is the inferred particle velocity in the shocked standard as determined through IM calculations using the MGLR model. These calculations will be discussed in the next section.
The values for eff inferred from all three release standards are plotted as a function of u al p in Fig. 7 . Also plotted in the figure are the optimized eff obtained from the MGLR model with S(u al p ) given by Eq. (3) that best matched the FPMD release paths and the release paths from various tabular EOS models for aluminum, including 3700 (Refs. [37, 38] ), 3711 (Ref. [57] ), 3715 (Refs. [39, 40] ), 3719 (Refs. [41, 42] ), and 3720 (Ref. [58] ). The trend exhibited by the experimentally determined eff is very similar to that exhibited by the FPMD and tabular EOS derived values. Furthermore, the data for all three release standards, which vary by roughly an order of magnitude in shock impedance, all fall along the same trend line. These two observations are a strong indicator that the MGLR framework adequately describes the release response of aluminum in the multimegabar regime over a fairly substantial P range along the Hugoniot and over a wide range of shock impedances.
Just as in the case of the FPMD and tabular EOS derived eff , the experimentally determined eff appears to asymptote at high P . We therefore fit the experimentally determined eff to a simple exponential functional form that exhibits this type of behavior:
where a 1 was fixed at 0.6, similar to the asymptotic value that was observed in the α-quartz release study [36] . As can be seen in Fig. 7 , the weighted fit to this functional form provides a reasonably good description of the experimentally determined eff . Also shown in the figure are the one-sigma uncertainty bands, which take into account the correlation of the uncertainty in the parameters from the weighted fit. The best fit values and the covariance matrix elements are listed in Table XI. , and ρ TPX 0 are the measured particle velocity of the aluminum (half the measured impact velocity), the measured shock velocity of the TPX samples, and the measured TPX initial density, respectively. eff is the inferred value of the effective for the MGLR model. u IM p is the inferred particle velocity in the shocked TPX determined from the MGLR model as described in Sec. IV. We caution the use of this model outside of the range of the experimental data, specifically for u al p below and above ∼ 9 and ∼ 17 km/s, respectively. This is particularly true for u al p below ∼ 9 km/s, where there are no data and it is unclear how best to extrapolate. Because both S and eff seem to asymptote at high P , one could likely use this fit for u al p above ∼ 17 km/s with some confidence. At P above this limit, roughly 1200 GPa, S asymptotes to the actual Hugoniot slope and eff approaches a value close to what one would expect for an ideal gas.
IV. ANALYTICAL RELEASE MODEL
As examples of this analytical release model, and as a consistency check, this IM method was used to determine the shocked states of the release standards for all of the aluminum release measurements listed in Tables VIII-X. Measurement of u al p (in this case directly through impact velocity measurements, but could also be inferred through measured U al s and the known aluminum Hugoniot), determines (i) the Hugoniot state of the aluminum, and thus (P 1 ,u p1 ) from which the release path emanates, (ii) the value of S 1 and therefore C 01 that defines the Hugoniot reference curve for the MGLR model [Eqs. (3) and (1), respectively], and (iii) the value of eff [Eq. (4)]. One then solves a set of coupled ordinary differential equations (ODEs), as described in detail in Ref. [36] , to determine (P ,u p ) along the release path emanating from (P 1 ,u p1 ). P ) is then determined as the intersection of the chord and release path, and the remaining kinematic variables can be evaluated through the use of the Rankine-Hugoniot jump conditions [34] . This process is repeated for 10 6 iterations, and the reported values and one-sigma uncertainties of the inferred quantities are taken to be the mean and standard deviations of the Monte Carlo distributions, respectively. The resulting U s − u p points from the IM method using the analytical release model (the inferred u p are listed in the last column of Tables VIII-X) are in excellent agreement with the direct impact results [44, 45, 59 ]. This provides a consistency check, and indicates that the assumptions of the analytical model, namely that eff can be treated as a constant regardless of the impedance of the unknown material, is justified. Furthermore, the uncertainty in the inferred u p is roughly equivalent for both the analytical IM release model and for the direct impact experiments. This suggests that there is very little loss in precision or accuracy in using aluminum as an IM standard as opposed to performing direct impact experiments with aluminum. This is significant in TABLE X. eff for the ∼ 110 mg/cc silica aerogel release experiments. u al p , U gel s , and ρ gel 0 are the measured particle velocity of the aluminum (half the measured impact velocity), the measured shock velocity of the aerogel samples, and the measured aerogel initial density, respectively. eff is the inferred value of the effective for the MGLR model. u IM p is the inferred particle velocity in the shocked aerogel determined from the MGLR model as described in Sec. IV. that impact-type experiments in the multimegabar regime are currently limited to explosively driven striker-plate and magnetically driven flyer plate platforms.
As a final example, we discuss previously published laser driven Hugoniot experiments on deuterium reported by Hicks et al. [20] . In that study, a laser driven shock in aluminum was driven into both a liquid deuterium sample and an α-quartz sample used to better determine the shocked state of the aluminum drive plate. To perform the IM analysis, an experimentally determined mapping was used to infer the shocked state of the aluminum from the measured U q s . The inferred U al s along with a fit of available absolute Hugoniot data for aluminum then defined (P 1 ,u p1 ) of the shocked aluminum. The release response was then determined through a model developed by comparing the difference between the RH and the calculated release response of several different tabular EOS models from aluminum, as described in Ref. [20] .
For this reanalysis we take advantage of the recent, significant improvement in precision of the α-quartz Hugoniot [36, 60] and the present aluminum release model. In particular, we used the measured U q s and the known α-quartz Hugoniot [36, 60] to define a point (P q ,u q p ) through which the aluminum release must pass through. To do this we first Table XII. For each experiment we then used the MGLR model to determine (P 1 ,u p1 ) for the shocked state of aluminum such that the release path passed through (P q ,u 
The remaining kinematic variables for the deuterium were determined using the Rankine-Hugoniot relations [34] . The inferred values from this reanalysis are listed in Table XII and displayed in Fig. 8 .
As can be seen in Table XII and Fig. 8 , the reanalysis results in a systemically lower density compression with respect to the published values [20] . This is predominantly due to the improved description of the α-quartz Hugoniot; the recently published α-quartz Hugoniot [36, 60] is significantly less compressible than the effective Hugoniot used in Ref. [20] (linear mapping relating U [60] , which was based mainly on the difference between the release path and the RH for the 3700 EOS model, in accordance with a previous aluminum release study [43] . This difference is consistent with Fig. 7 in that the best fit trend line of the experimentally determined eff is systematically higher than that determined from the 3700 EOS table, which would result in a slightly higher inferred u p along the aluminum release path and therefore a slightly higher inferred ρ/ρ 0 for deuterium.
More significantly, comparison of the two analyses displayed in Fig. 8 demonstrates that the uncertainty in the inferred shock state is significantly smaller for the MGLR analysis as compared to the analysis used in Ref. [20] . This is undoubtedly due to experimental constraint on the release behavior from this work. With little direct experimental guidance, Hicks et al. were forced to resort to examination of various EOS models in an attempt to constrain the release behavior of aluminum, with resultantly large contributions from potential systematic uncertainty (note the large systematic spread in eff between the various tabular EOS models displayed in Fig. 7) . The experiments described in Sec. III enabled a determination of eff with relatively tight constraint. As a result, the inferred quantities, particularly ρ/ρ 0 , exhibit significantly lower uncertainty, thereby increasing the precision of the IM method with aluminum as the standard. Comparison of the inferred P and ρ/ρ 0 for laser driven experiments on deuterium using the aluminum IM method, as described in the text. The uncertainties in P and ρ/ρ 0 from Ref. [20] list the random and systematic components of the uncertainties explicitly in parentheses: (ran, sys). The quadrature sum of these individual components of uncertainty is displayed in Fig. 8 .
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V. CONCLUSION
The release response of aluminum was investigated within the framework of first-principles molecular dynamics (FPMD) and several tabular equation-of-state (EOS) models for aluminum. These calculations provided insight into the release response of aluminum, and motivated a simple Mie-Grüneisen model with a linear U s − u p Hugoniot as the reference, referred to as the MGLR model. This model was shown to reproduce the FPMD and tabular EOS release paths extremely well with a constant eff along the release path, with both S, the slope of the Hugoniot reference for the MG model, and eff being functions of u [20] . Black solid (dashed) line, Hugoniot from the Kerley03 EOS [61] (Holst FPMD [62] ). Gray circles, Hugoniot data as published in Ref. [20] ; red circles, this reanalysis.
A series of plate-impact, shock wave experiments were performed on the Sandia Z machine to obtain release data for aluminum from ∼400-1200 GPa states on the principal Hugoniot. Three different low-impedance standards were used, TPX, ∼ 190 and ∼ 110 mg/cc silica aerogel, which vary in shock impedance by roughly an order of magnitude. These data validated the MGLR model that was motivated by the FPMD and tabular EOS study, and provided an experimentally determined eff as a function of u al p . This theoretical and experimental study of the release response of aluminum provides a simple, analytical model for performing IM calculations without the need to appeal to any particular tabular EOS for aluminum. Since the model is analytical, it is well suited for the use of Monte Carlo analysis methods, enabling all uncertainty, including the random measurement uncertainty and any systematic uncertainty in the Hugoniot and release response of aluminum, to be propagated to the inferred quantities. We also note that the experimentally validated model framework should prove to be useful in the development of wide range equations of state for aluminum, in that it constrains the kinematic variables of aluminum upon release over a wide range of P and ρ.
It is emphasized that the MGLR model discussed here is only intended to calculate kinematic variables for aluminum upon release, in particular, the release paths in the P − u p plane for purposes of impedance matching. It is fully expected that other aspects of the MGLR model will be incorrect. In particular, it is anticipated that the temperatures and specific heats of the MGLR model do not reflect the behavior of aluminum in this regime. Furthermore, we caution the use of this model outside of the range of the experimental data, specifically for u al p below and above ∼ 9 and ∼ 17 km/s, respectively. This is particularly true for u al p below ∼ 9 km/s, where there are no data and it is unclear how best to extrapolate. Because both S and eff seem to asymptote at high P , one could likely use this fit for u al p above ∼ 17 km/s with some confidence. At P above this limit, roughly 1200 GPa, S asymptotes to the actual Hugoniot slope and eff approaches a value close to what one would expect for an ideal gas.
As an example of its use, the MGLR model was used to infer Hugoniot states through the IM method for all of the aluminum release measurements performed for this study. This provided a consistency check in that the IM results could be compared to the direct impact Hugoniot measurements of the standards. Not only did the IM Hugoniot response agree extremely well with the direct impact Hugoniot results, but the uncertainties from the two methods were found to be roughly equivalent. This suggests that the IM method can confidently be used to obtain high-precision Hugoniot measurements regardless of the shock impedance of the unknown material. In particular, given the prolific use of aluminum as an IM standard, the present IM model will enable reanalysis of numerous multimegabar experiments in the literature. Such reanalyses will improve both the accuracy and precision of the inferred shock response by taking advantage of recent refinement of the Hugoniot response of aluminum, as well as an experimentally validated release model which tightly constrains the release response of aluminum in the multimegabar regime.
